Background: Endoscopy is useful in assessing conduit ischemia and anastomotic leaks after esophagectomy but poses a theoretical threat of anastomotic disruption. We used a porcine model to evaluate the safety of endoscopy after esophagectomy.
Perspective
Endoscopy can be used to assess anastomoses and manage leaks complicating esophagectomy but poses a risk of anastomotic disruption. We used an in vivo porcine model to demonstrate that endoscopy after esophagectomy is likely safe. Our results form the basis for a clinical trial of endoscopy after esophagectomy and offer preliminary reassurance of its safety.
See Editorial Commentary pages 1159 and 1161.
Esophagectomy carries significant morbidity. Ischemia to the gastric conduit and anastomotic leaks both are potentially fatal complications occurring in approximately 10% of the postesophagectomy population. 1 Contrast esophagograms can be unreliable in the detection of anastomotic leaks, with a reported sensitivity between 40% and 66%. 2 Upper endoscopy can be a useful tool to identify and characterize leaks after esophagectomy. [3] [4] [5] [6] Endoscopy can differentiate leaks caused by technical mishaps from those caused by conduit ischemia. It also has the benefit of detecting and quantifying the viability of the gastric conduit, which can guide management. 7 Endoscopy also can be used therapeutically to introduce stents into leaking anastomoses. 8, 9 Despite the benefits of endoscopy, clinicians remain reluctant to perform upper endoscopy after an esophagectomy because of the theoretical risk of disrupting the anastomosis. 3, 5, 6, 10, 11 Endoscopy carries potential risks: (1) the endoscope could mechanically disrupt the anastomosis, (2) insufflation pressure during endoscopy could perforate the anastomosis, and (3) insufflation can cause gastric conduit distension, compromising blood flow and conduit perfusion. Based on our previous studies measuring intraluminal pressure thresholds of esophagogastric anastomoses, we hypothesized that pressures imparted during endoscopy would not disrupt an anastomosis. Furthermore, endoscopic pressures and manipulation would not significantly compromise regional blood flow or perfusion.
METHODS

Esophagectomy, Endoscopy, and Pressure Measurements
Our study was approved by our Institutional Animal Care and Use Committee (protocol erkm.cp.1). An esophagectomy was performed on 10 anesthetized pigs as described in our previous work. 12 The esophagus was transected at a midthoracic location, the stomach was transected near the cardia, and a linear stapler (ETHICON ENDO-SURGERY Linear Cutter 75; Ethicon, Somerville, NJ) was used to create a side-to-side, functional end-to-end esophagogastric anastomosis. We use the same anastomotic technique in all our porcine studies that we use in patients, with a leak rate of approximately 12%, comparable with other techniques, and the linear stapled technique is the most commonly used method today. 13, 14 The gastric conduit was tubularized by stapling the stomach along the lesser curvature to create a 4-cm wide tube (DST Series GIA 80 mm; Covidien, Plymouth, Minn).
After the anastomosis, with the pig lying in the left lateral decubitus position, a flexible gastroscope (Olympus GIF-140 Video Gastrocope; Olympus Corp, Center Valley, Pa) was advanced and positioned in the esophagus just proximal to the anastomosis (Figure 1, B ). An 18-gauge angiocatheter was introduced into the esophagus distal to the gastroscope and just proximal to the anastomosis. A pressure probe (FISO FOP 62.5 microns; FISO Technologies Inc, Quebec, Canada) was inserted through the angiocatheter into the anastomotic lumen (Figure 1, A) . The pressure probe was zeroed to atmospheric pressure and intraluminal pressure measurement was begun. Gentle air insufflation was then supplied by the endoscope until the anastomosis was visualized clearly (Figure 2, A) . Insufflation then continued until the intraluminal pressure reached a plateau and began to decrease as air leaked retrograde through the pig's mouth. The endoscope was passed through the anastomosis and conduit at maximal insufflation. The right gastroepiploic pulse was palpated intermittently as insufflation was administered progressively. The integrity of the anastomosis was verified before and after insufflation by submerging the anastomotic segment in a water bath and looking for the leakage of air bubbles from the staple lines, which has proven to be the most sensitive means of detecting a perforation in our previous studies. 12 
Flow and Perfusion Studies
Significant distension of the gastric conduit was observed with maximal endoscopic insufflation, and we next sought to examine the potential threat posed by conduit distension. In a separate series of experiments, 5 new pigs were anesthetized and a laparotomy performed according to our previously described protocol. Central and arterial lines were placed in the femoral vessels. Before manipulation of the stomach, a pulse oximeter was placed on the greater curvature, lesser curvature, fundus, and pylorus, and measurements were taken (Figure 2, B) . When pulse oximeter measurements were variable, they were repeated until 2 to 3 measurements in the same region were consistent, and when the measured heart rate was similar to that measured by the intraoperative electrocardiogram. The right gastroepiploic artery was then isolated along the greater curvature. We inserted a flow probe (Transonic 400; Transonic, Ithaca, NY) onto the right gastroepiploic artery for measurement of blood flow. The gastroscope was then advanced into the stomach and the stomach insufflated maximally until retrograde air leakage through the mouth was identified as described previously. Within 3 minutes of insufflation, pulse oximetry and gastroepiploic flow measurements were taken. These measurements were repeated at 10 minutes of maximal insufflation. The stomach was then deflated with the gastroscope and the scope was withdrawn. A set of pulse oximetry and flow measurements was taken about 2 to 3 minutes after deflation. These flow and pulse oximetry measurements before esophagectomy served as internal controls for the experimental conditions after esophagectomy.
An esophagectomy was then performed as described previously. Pulse oximetry and flow measurements were recorded 2 to 3 minutes after the anastomosis was created. The gastroscope was once again advanced just proximally to the anastomosis and the gastric conduit insufflated maximally until retrograde air leakage. Pulse oximetry and right gastroepiploic flow were recorded within 3 minutes of maximal insufflation and again after 10 minutes of maximal insufflation. The stomach was then deflated and the scope withdrawn and a final set of pulse oximetry and flow measurements taken 2 to 3 minutes after deflation of the stomach. Throughout these experiments, the mean arterial pressure of the pig was maintained around 60 mm Hg, and temperature of the pig was maintained around 37 C. Crystalloids, rather than pressors, were used to maintain the pigs' mean arterial pressure, given the theoretical risk of ischemia to the conduit from vasoconstriction and confounding of the study.
Statistical Analysis
All data are reported as a mean with 95% confidence interval and error bars as standard error of the mean unless otherwise noted. Statistical analysis was performed with GraphPad Prism, version 6.00 (GraphPad Software Inc, La Jolla, Calif).
RESULTS
Intraluminal Pressure With Endoscopic Insufflation After Esophagectomy
With endoscopic air insufflation of the gastroesophageal anastomosis, there was safe passage of the endoscope through the anastomosis and conduit without any overt, visible disruption to the anastomotic or conduit staple lines or gastric mucosa. With progressive insufflation, intraluminal pressure increased to a maximum of 8.73 AE 2.12 cm H 2 O (95% confidence interval, 7.21-10.24) (Figure 3, B) . The intraluminal pressure reached a plateau at this recorded maximum where gastric distension had maximized and air began to leak retrograde through the pig's mouth, which was noted by an audible hissing. With gentle air insufflation, minimal distension of the gastric conduit was observed; however, with maximal insufflation, significant gastric distension occurred (Figure 3, A) . The stomach remained pink, however, with a palpable gastroepiploic pulse in all experiments. In addition, there were no signs of ischemia on endoscopy after maximal insufflation. The gastroesophgeal anastomosis, the gastric conduit staple line, the stomach, and the esophagus were free of perforation at all stages of the 10 experiments.
Flow and Perfusion of Gastric Conduit With Endoscopic Insufflation After Esophagectomy
In the next part of the study, we examined the risk to the anastomosis and conduit posed by gastric distension observed with maximal endoscopic insufflation. Pulse oximetry revealed hemoglobin oxygen saturation greater than or equal to 95% along the greater curvature, fundus, lesser curvature, and pylorus of the stomach before endoscopy, within 3 minutes of maximal endoscopic insufflation and gastric distension, with sustained insufflation and distension at 10 minutes and after gastric decompression ( Figure 4 , A and Table 1 ). After esophagectomy, mean oxyhemoglobin saturation decreased (Figure 4 , B and Table 2 ). There was no significant change in saturation with 10 minutes of maximal insufflation after esophagectomy (Table 2) . After gastric decompression and scope withdrawal, the saturations remained the same ( Table 2 ). The oxyhemoglobin saturations along the fundus of the conduit were significantly lower throughout (P ¼ .04) than those along the greater curvature.
Before esophagectomy, Doppler velocimetry measurements of the right gastroepiploic artery decreased (P ¼ .01) 3 minutes after maximal endoscopic insufflation but recovered with 10 minutes of insufflation and remained constant with complete decompression (Figure 4 , C and Table 3 ). After esophagectomy and with 3 minutes of maximal insufflation, right gastroepiploic flow once again decreased (P ¼ .02) compared with flow before endoscopic insufflation but again recovered with 10 minutes of insufflation and subsequent decompression (Figure 4 , D and Table  4 ). There were no other significant differences in flow. Throughout these experiments, the gastric conduit appeared pink, the mucosa pink and healthy, and there was a palpable gastroepiploic pulse.
DISCUSSION
Anastomotic leaks and gastric conduit ischemia cause significant morbidity after esophagectomy. Endoscopy is gaining favor as the test of choice in evaluating conduits after esophagectomy as the result of its many advantages. However, clinicians hesitate to use endoscopy after esophagectomy because (1) the endoscope could mechanically disrupt the anastomosis, (2) insufflation pressure during endoscopy could perforate the anastomosis, and (3) insufflation can cause gastric conduit distension, compromising blood flow. Previous retrospective clinical studies have reported the safe use of endoscopy with ''gentle insufflation'' after esophagectomy. 5, 6 In the largest retrospective study of postesophagectomy endoscopy within 21 days postoperatively, 102 patients had no complications attributable to endoscopy. 3 Nevertheless, there has been no previous animal model or clinical trial to determine the safe parameters of insufflation for postesophagectomy endoscopy.
In this study, we used an in vivo pig model to evaluate the safety of endoscopy immediately after esophagectomy. We sought to investigate whether endoscopy itself would mechanically disrupt staple lines. In 15 models, including the 10 animals in the manometry studies and the 5 animals in the flow and oximetry studies, we found that endoscopy could be conducted with sufficient precision as to avoid mechanically disrupting staples lines, including an anastomosis. In experienced hands, maneuvering the endoscope within the esophagus, the anastomosis, and the gastric conduit appears to impart little risk of injury. Second, we examined the risk of insufflation and intraluminal pressure to staple lines after esophagectomy. We found that intraluminal pressures from endoscopy, with standard air insufflation to maneuver the endoscope safely, did not injure or perforate any staple line, most notably the gastroesophgeal anastomosis. Moreover, even with maximum insufflation, the intraluminal pressure measured at the anastomosis never increased beyond a mean of 9 cm H 2 O. With excessive insufflation, intraluminal pressure did not increase beyond this plateau pressure because the gastric conduit was freely distensible and air leaked through the oropharynx. Our previous work demonstrated that an intraluminal pressure of 84 AE 38 cm H 2 O is needed to disrupt an in vivo esophagogastric anastomosis. 12 It is therefore likely that air insufflation, even when used generously, cannot mount pressures that could conceivably disrupt an esophagectomy anastomosis.
In the second part of our study, we examined the threat posed to a gastric conduit and gastroesophageal anastomosis with air insufflation. Increased intraluminal pressures of the gastric conduit may cause extrinsic compression of the gastric vessels, reduced blood flow, and compromised perfusion. We used parenchymal oxyhemoglobin saturation as a measure of gastric perfusion and found that endoscopic insufflation, both before and after esophagectomy, does not significantly reduce tissue oxygenation even after 10 minutes of sustained maximal distension. Furthermore, both the stomach serosa and mucosa appeared pink and well-perfused throughout the 10 minutes of insufflation, assuring us of good gastric perfusion. We did find that saturations in the fundal portion of the gastric conduit were consistently and significantly lower than along the greater curvature both with and without insufflation. This finding is not surprising, given the loss of supply to the fundus by ligation of the left gastric artery and short gastric arteries during esophagectomy. Previous studies have measured a loss of blood flow to the fundus by a mean of 55%. [15] [16] [17] Despite the relatively lower oxygen saturation of the fundus compared with other portions of the gastric conduit, the fundal perfusion appeared adequate, with endoscopic insufflation in our experiments with saturations greater than 85% and no gross or endoscopic suggestion of ischemia. To further characterize ischemic potential during endoscopic insufflation, we measured flow in the right gastroepiploic artery before, during, and after endoscopic insufflation. We repeated endoscopic insufflation measurements in the setting of esophagectomy. We found a significant reduction in flow immediately after gastric insufflation with recovery to preinsufflation values as insufflation continued. This trend was observed with and without esophagectomy. A possible explanation is extrinsic compression of the gastroepiploic artery with insufflation and gastric distension followed by progressive decompression with movement of the stomach and arteries, resulting in recovered flow. Even with diminished flow immediately on insufflation, gastric perfusion as measured by oxyhemoglobin saturation and observed by gross and endoscopic visualization of the conduit remained adequate. Autoregulatory mechanisms may alter resistance in vessels downstream from the gastroepiploic artery to compensate for lower blood flow to keep oxyhemoglobin saturation stable. This phenomenon, however, deserves further study. It is likely that significant and sustained gastric distension does not pose a great threat to the anastomosis or conduit after esophagectomy, which is an important lesson not only for endoscopic insufflation but also gastric distension due to other reasons like food or positive pressure ventilation. 12 Our in vivo pig model has been used successfully to measure intraluminal pressure, tissue perfusion, regional blood flow, and anstomotic leak. In this study, we examined the effects of endoscopy on a gastroesophageal anastomosis. Future directions include quantifying the effect of endoscopy in the setting of known esophageal perforation.
There are several important limitations to our study. First, we used a porcine model that cannot be generalized to human patients. Second, our study, especially for flow and perfusion measurements, is limited by a small number of experiments. However, our use of an internal control setup with the nonesophagectomy measurements improves the internal validity of our data. Third, we performed endoscopy on healthy anastomoses and conduits. In the setting of a leak, tissue may be infected, inflamed, ischemic, or necrotic. These tissues do not have the tensile strength of normal tissue and may perforate more readily. Even though we understand that a normal anastomosis can handle more than 3 times the amount of pressure that endoscopy imparts, we advise particular caution in the setting of a suspected leak. We emphasize, however, that our experimental conditions imparted more stress to the anastomosis than most clinical situations. Although clinicians generally use just enough insufflation to inspect the conduit and anastomosis, we provided maximum insufflation for several minutes to the point of vigorous retrograde air leakage through the mouth.
Fourth, our studies were all performed with a linear stapled side-to-side functional end-to-end anastomosis, and our findings cannot be generalized to other anastomotic techniques, although the leak rates of stapled techniques have been shown to be similar, and the linear stapled technique is the most popular nowadays.
14 Fifth, we performed intrathoracic anastomoses in all our pigs, and our results therefore cannot be extrapolated to cervical anastomoses. Sixth, we performed endoscopy immediately after esophagectomy. Inflammation of the anastomosis and conduit would peak several days after surgery when a leak is also most likely. Again, our study likely overestimates the tensile strength of such inflamed tissue in a clinical setting.
Seventh, we did not address the question of harm to a disrupted anastomosis. There is concern that endoscopy could widen a preexisting anastomotic perforation. 5, 10 In addition, a leak could provide passage of additional air and luminal contents in the setting of endoscopy. Although our study did not specifically examine the mechanical threat posed to an already-leaking anastomosis by endoscopy, previous retrospective clinical studies in patients have demonstrated safety in this setting. [3] [4] [5] Eighth, our observation of endoscopy through a thoracotomy does not recreate the clinical scenario of a closed chest. As noted in previous studies, however, our experimental model does not impart as much surrounding structure as the in vivo chest and is, in fact, more likely to cause distension, decreased flow, and ischemia than the in vivo setting. 12 ,18
CONCLUSIONS
We demonstrate in an in vivo porcine model that endoscopy with sustained maximum insufflation does not mechanically disrupt a gastroesophageal anastomosis, imparts minimal intraluminal pressure to the anastomosis, and results in minimum disturbances to blood flow and tissue oxygenation of the conduit. Our work provides a platform for future translational and clinical investigations into the safety of endoscopy after esophagectomy. 
